The spin polarization in the distorted wave theory of stripping is presented in a general form, and the interesting problems are discussed, such as, what polarization comes from what types -of the dis.tortion of the wave functions. Under certain conditions, the exact relations are -derived between the signs of polarization· and the distortion of particle wave functions. It is pointed out that the similar relations are also present in other direct reactions. As an example, polarization in the inelastic scattering is studied briefly. § 1. Introduction
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Many pieces of work have so far been carried out to improve on the simple -theories of the direct reactions 1 ),2) by using distorted waves for the incident and emergent particles. 3) 4) 5) This is important for the polarization of the emergent particles. The simple theories are essentially based upon the" plane-wave" Born approximation, so that they predict no polarization. If either the incident, or out-.going particle wave function, or both, are distorted by the interaction with nucleus, then the spin polarization can result. Now, the interesting question arises what polarization comes from what types of distortions.
The first aim of this paper is to show elementarily, from the quantum mechanical point of view, that polarization takes a different sign according to whether only the incident particle wave is distorted or only the distortion of an emergent particle 'wave is considered. In cases of the stripping reactions, these were also predicted by Newns 6 ) and Tobocman, 4) with the use of the semi-classical model of two dimension. However, this is valid not only to the stripping reactions but also to .all reactions, the theories of which are treated by the distorted-wave Born approximation. In view of these facts, polarization effect will be very interesting as to :showing what distortion is produced by a nucleus, and it throws light on the mechanism of the direct reactions.
Other types of the direct reactions are well known, viz., (p, p'), (p, n) reactions, etc. As an example, the inelastic scattering of nucleon is considered in § 3.
It is our second aim to show that, in the inelastic scattering, the polarization may occur on the same ground as that of the stripping reactions: the use of the distorted waves for the incident and emergent particle states. Angular distributions
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of the both types of the direct reactions are very similar, and strongly forward peaked 7 ) in remarkable contrast to the predictions made by the statistical theory of nuclear reactions. Such forward peaked . angular distributions, in general, show that there are important interferences of different sub-channel wave functions and' different compound nuclear states if the compound nucleus formation is concerned. As polarization phenomena are essentially interference effects,8) similar relations are expected to hold with respect to the spin polarization in both types of direct interactions. There is, however, only one difference between them. In the strippingreactions, polarization is due to the spin triplet state interaction and mainly due to the singlet state interaction in the simple inelastic scattering as discussed here for the short range character of the inter-nucleonic force.
In this paper, the theory is not developed from the standpoint of generaL theory of polarization, but in each respective reactions in order to clarify howpolarization comes from distortions of particle wave functions. § 2. Polarization in the stripping reaction 
Here,' XlAMA and XlnMB are the wave functions of the target nucleus A and residuaL nucleus B. ¢~+) and ¢~-) are the orbital wave functions of the deuteron and proton channel, distorted by some suitable potentials due to the nucleus under the outgoing and incoming radiation conditions, respectively. 'X lLp is the proton spin wave function, and X lLa is the deuteron triplet state wave function. V np is a triplet statecentral potential. The coordinates are as follows: ~ are internal coordinates of A.· r nand r p are neutron and proton coordinates relative to the mass centre of A (assumed to be infinitely heavy). Ra and r are given by ~(rn+rp) and rn-rp< respectively. Sn and Sp are spin coordinates of the neutron and proton. (2·2) involves certain approximation of its own, which will be discussed later in detail. We start with (2·2) which makes us possible to carry out the integration over ~, and write it into the nuclear overlap integra1
Here, j and I are the total and orbital angular momenta with which the neutron is captured by A. XlI-n and Ul (r n) are a spin and a normalized orbital (real) wave function of the captured neutron. (}jl is the reduced width amplitude, and made real by taking a suitable phase. Substitution of (2·3) into (2·2) yields 
By usmg (2, 1) and (2·6), we can write the polarization intensity as (2 ·7) (2·7) involves the matrix element -quadratically, and therefore we define a density matrix
and a statistical tensor
Substitution of (2·4) into (2·7) results, using (2·8) and (2·9),
.(2.10) The particle wave functions cJ;~+) and cJ;~-) are normalized like exp(ik·r) and as the quantization axis the direction of kd is chosen. Then, they are expressed as
Wt and Vt at large distances have the asymptotic forms 
Derivation of (2 ·16) will be given in the Appendix. Combination of (2 ·16) with (2·6) and (2 ·10) shows that polarization is normal to the plane formed by the directions of the incoming deuteron and outgoing proton. In terms of unit vector n = ka X kpll ka X kp I , we have a final result
Here,
When only one l value is important, (2·17) indicates that the polarizations take a sign opposite to one another for the total angular momentum j=l± 1/2 of the captured neutron. For the polarization resulted from the distortion of particle waves, all information IS involved in the quantity P L (l) , and will be analysed here in detail. First, it is a trivial result that the "plane-wave" Born approximation predicts no polarization. This is due to the fact that it (l2ll1) is always real in this approximation. Secondly, polarization can occur whenever a real potential is chosen for the distortions. This comes from the fact that the radial part of a wave function distorted by real potential under incoming or outgoing radiation condition cannot be made real by any means.
Next, we consider the general cases where the particle waves are distorted by optical (complex) potentials. Theoretically there may be two cases: One is the case (a), where the incident wave is only distorted, and another the case (b), where only distortion of the emergent wave is considered. It seems interesting to study how different effects would be brought on the polarization by the alternative of case (a) or (b) for distortions. Let us assume the polarization for case (a) to be given by (2 ·18), then that for case (b) is obtained by exchanging suffix 1 and 2, and replacing 12 (llll2) for 12 (llll2) in (2 ·18). Here 
(2 ·19)
Under this condition, cases (a) and (b) lead to the completely symmetric polarization t6 the scattering plane: their magnitudes are the same, but signs opposite to one another. For our purposes, it is convenient to divide a condition in (2 ·19) into two parts as follows, (1) The wave number of the incident particle is equal to that of the outgoing particle. That is to say, kd = k p • (2) The distorting potentials for both channels are the same.
In this case, vi< (x) =Wl (x).
Finally, both the deuteron and proton interactions with the nucleus should be considered. We consider here the cases where the conditions (2·20) hold in general. In this case, the condition (2·19) is replaced by (2·21) By using the condition above, it is easy to show that the net polarization vanishes identically.
In general, the condition (1) in (2·20) is satisfied approximately, since this is the optimum condition in the angular distribution to obtain the characteristic dependence of the orbital angular momentum l of the captured neutron. The condition (2) is supposed not to be valid in the stripping reaction, because of the interactions of different particles with nucleus. However, this condition may be approximately satisfied in the inelastic processes leaving the residual nucleus in low-lying states. If this is true, polarization in these will be worthwhile to study, as the condition (2) can be realized to the better approximation by using a larger incident energy. Leaving the detailed discussions on the conditions (2·20) to a later section, the polarization in inelastic scattering is briefly given in the next section. § 3. The polarization in inelastic scattering \Ve consider here an inelastic scattering process as simple as possible. It is assumed that the target nucleus consists of a core of spin zero together with an extra neutron of orbital angular momentum l, which is coupled with the intrinsic spin to give spin j . We take the interaction of the incident particle (assumed to be neutron) with the extra nucleon only, the core being regarded as inert.
Along the same line as in the previous section, the polarization intensity is expressed as (3 ·1) Here, IILIMIMIL is the transition matrix element, and given by where cp (jM) is the ground state wave function of the target nucleus, which IS ,expressed as the form
m"
;and the excited state of the residual nucleus is obtained by replacing the corresponding primed quantities for each quantum numbers. The core state wave function (/Jo (~) remains unaffected by the assumptions. r l and To are the coordinates of the ·extra nucleon and the incident nucleon (scattered by the collision) relative to the mass center of the core (assumed to be infinitely heavy). ko and ko' are the propagation vectors of the incident and the scattered particle. VOl is taken as the three-dimensional delta function, for the short range character of the inter-nucleonic -force, and for simplicity. Then, the triplet state interaction gives no contributions to the direct process of inelastic scattering, and IWMIMIL results in
Here, Vs is the strength of singlet interaction, -The density matrix and the statistical tensor are slightly different from the stripping . cases, and defined by
'"",'In! U sing these definitions, the polarization intensity is 
When the polarization vector is taken as the quantization axis, the component 'Of polarization of the proton spin in the direction of the axis is 
Now, the similar expression in stripping reaction results from (2 ·6), (2 ·S}" (2 . 9), and (2· 10) (1) p 3 (j + 1/2) dp, (2 ·10') where P(kd' k p ) is the component of the polarization of proton from the strippingin the direction of which is taken as the quantization axis. ( m) rip is the mean value of the component of orbital angular momentum of the captured neutron along, the axis:
Comparison of (3·9) with (2 ·10') shows that the sign of the polarization from: the stripping reaction is opposite to that from inelastic scattering, if (m ) and (m) dp have the same sign. This is owing to the different types of interactions used:
The triplet state interaction in the deuteron stripping reaction and the singlet state one in the inelastic scattering. If the triplet state interaction should be considered in the inelastic scattering, this. enables one to infer that the polarization in the magnitude somewhat reduces.
The final expression of the emitted protons from inelastic scattering can be obtained in the same way as in the previous section, but is not given here, becausethe conclusions obtained are the same as those in' the stripping cases.
It is emphasized here that the condition (2) in (2·20) is approximately satisfied by raising the incident energy high enough compared with the excited state energy. Further, if the distorting potentials are taken as the same in the zero-th approximation for both channels of inelastic scattering, the net polarization vanishes. If the incident energy is comparable to, or, slightly larger than the excited state energy, however, the polarization may appear and will be observed. § 4. Discussions
The polarization of the product particle spin has been studied by starting with the formulas (2·2) and (3·2) which involve certain approximations. These are as follows:
(1) The distorting potentials are spin-independent. The spin-orbit coupling is undoubtedly present for a nucleon and probably so for a deuteron, and is possible to produce the polarization in the scattered particles. However, it gives only a minor correction in magnitude compared with that produced by the much stronger spherical symmetric potential. Newns and Refai 10 ) have shown that this is the case in the stripping reaction.
(2) The effects arising from the tensor force of the two-body interaction and the small D-state of the deuteron wave function are neglected. The estimate by Weidenmiillerll) supports this approximation. It is pointed that these tensor effects cannot produce the polarization when the plane waves are used for the particle wave functions.
(3) The Coulomb interactions of charged particles with nucleus have been ignored in this paper. In his work on stripping reaction at very low energy, YoccOZ 12 ) has shown that if the effects of the Coulomb field on the deuteron and proton are taken into account, the polarization can result. Since the Coulomb field cannot be responsible for the results at higher energies, and makes the direct process at low energies insignificant, we could ignore its effects altogether in the cases with which we are concerned.
The exact relations obtained in § 2, are derived under rather severe conditions. \Vhat must be discussed is to what extent the conditions can be relaxed. For this purpose, we need know ledges about dependence of the dynamical factors 12's on the distorting potential and particle energy. We must investigate how sensitively the dynamical factors 12's depend on these. Now, the distorted wave procedure is only appropriate if the incident energy covers several states of the compound nucleus and is far from the single particle resonances (size resonances) .13) Under these conditions, the factors 12'8 may not be expected to be very sensitive to the choice of the distorting potential and incident energy. Otherwise, polarization in the stripping reactions and the others should lose the qualification as powerful tools for the nuclear spectroscopy.
In this paper, any numerical investigation is not attempted for determining the degree of sensitivity, since our primary concerns are to find the qualitative relation between the polarizations and the distortion of waves.
Fortunately, in their works on the polarization of the proton from C 12 (d, 1'))C 13 , Newns and Refai,I°) and Weidenmiillerll) have calculated it for the various assumptions of the distorting potentials. 'I'heir results show that the dependence on the distorting potential is not serious and suggest the qualitative relations obtained here to be valid, at least, at small scattering angles.
In practice, interactions of both incoming and outgoing particles with nucleus should be considered. We failed to find any relations between the polarizations and the distortions except in (2·21). In the cases under (2·21), it may be suggested that the distortions for both particles tend to reduce the magnitude of the polarization in accordance with the predictions of the semi-classical model. This predicts the algebraic sum of effects due to the distortions on the polarization. However, interferences between these distortions are present in quantum mechanical theory, and the relation in (2·21) is nothing but to show the completely destructive interference between them.
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P-",,-,-i sin cp.P/(cos (j)
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where P/ (cos (j) is the normalized associated Legendre polynomial.
This result shows that the polarization is always normal to the scattering plane.
In terms of the unit vector n = kd X li p / I kd X kp I, we can obtain the final expression by evaluating [Py (krl' k p ) J1'=o, Further, this can be expressed entirely in terms of real quantities by the use of the symmetry properties of the X -coefficient for interchange of two rows.
